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In Brief
Baker et al. report the rare case of BL, a man with selective lesions to the dentate gyrus of the hippocampus. Their findings provide the first direct human evidence that the dentate gyrus is needed for discriminating similar memories and that this ability is dissociable from, but most likely interacts with, the ability to complete partial memories.
SUMMARY
Our day-to-day experiences are often similar to one another, occurring in the same place at the same time of day, with common people and objects, and with a shared purpose. Humans have an episodic memory to represent unique, personal events that are rich in detail [1] . For this to occur, at least two basic neural mechanisms are required: one to orthogonalize or ''separate'' overlapping input patterns at encoding and another to reinstate or ''complete'' memories from partial cues at retrieval [2] [3] [4] [5] [6] . To what extent do these purported ''pattern separation'' and ''pattern completion'' mechanisms rely on distinct subfields of the hippocampus [6] ? Computational models [4] [5] [6] and lesion and genetic studies in rodents [7] [8] [9] [10] [11] [12] largely point to the dentate gyrus as responsible for pattern separation and the CA3 and CA1 subfields for pattern completion (but see [13] [14] [15] [16] ). In high-resolution fMRI studies of humans, behavioral discrimination and completion tasks designed to approximate pattern separation and pattern completion, respectively, elicit the predicted pattern of activity in the dentate gyrus and CA3/CA1 [17] [18] [19] [20] [21] . Likewise, impaired behavioral discrimination has been demonstrated in individuals with hippocampal lesions [22, 23] , but the lesions most likely encompass other subfields. Examination of these processes in individuals with selective lesions to hippocampal subfields is needed to infer causation [19] . Here, we report the rare case of BL, a 54-year-old man with bilateral ischemic lesions to the hippocampus [24] primarily affecting the dentate gyrus. Studying BL provides the unique opportunity to directly evaluate theories of hippocampal function that assign the dentate gyrus a specific role in discriminating old from new memories.
RESULTS AND DISCUSSION
In a first experiment, we tested BL's behavioral discrimination abilities on the Mnemonic Similarity Task (MST) [25] , which evaluates recognition memory performance using images of everyday objects. As in traditional recognition memory experiments, other visual images at test include a subset of the studied objects (i.e., old items or ''targets''), intermixed with unrelated ''foils'' (i.e., new items). In addition, they include ''lures,'' a special kind of unstudied foil that is similar to the target items in terms of appearance and conceptual category. During the test phase of the MST, participants had to classify each of the 192 images viewed as old, new, or similar.
We hypothesized that, like controls, BL would be able to identify targets and foils, even though standard neuropsychological testing of BL revealed mildly impaired anterograde memory and moderately impaired retrograde memory [24] (see Table  S1 ). Given that the volume reduction in BL's hippocampi largely occurred within the dentate gyrus, we further hypothesized that he would be impaired relative to controls in his ability to identify lures. These predictions are based on evidence that the MST is sensitive to declines in encoding and discriminating similar items experienced by healthy older adults and individuals diagnosed with amnestic mild cognitive impairment [25, 26] .
To ensure reliability of findings in a single case, we tested BL on two versions of the MST and compared his performance to controls' using Crawford and Howell's modified t test for single cases [27] . This test treats the control sample's data as statistics, rather than as parameters, controlling for type I errors when testing whether a single case's score is significantly below that of controls [27, 28] . It also provides estimates of the percentage of the normal population falling below a single case's score [28, 29] , as well as the confidence interval (CI) on the observed result. BL's performance was similar to that of controls in correctly identifying targets (t(19) = À0.24, p = 0.82), which would place him at the 41 st percentile (95% CI: 25, 58), and identifying foils (t(19) = À0.98, p = 0.34), which would place him at the 17 th percentile (95% CI: 6, 32]. However, BL performed significantly worse than controls in identifying lures (t(19) = À2.50, p = 0.02), which would place him at the 1.1 percentile (95% CI: 0.03, 5.14) (Figure 1 ): he incorrectly identified lures as old nearly five times more often than he correctly identified them as similar. This pattern of findings is further emphasized by BL's lure discrimination index (LDI) score [25] , which is calculated by subtracting the rate of ''similar'' responses given to the foil items from the rate of ''similar'' responses given to the lures, thereby indicating the presence of a possible response bias. BL's LDI score was close to zero, reflecting a selective insensitivity to lures that was not apparent in controls (t = À2.18; p = 0.04), which would place him at the 2.1 percentile (95% CI: 0. 11, 8.19) .
In a second experiment, we tested BL on the Memory Image Completion (MIC) task [30] , which evaluates recognition memory performance with ten black and white line drawings of indoor scenes [31] . Half of the scenes are learned at study (targets) and randomly presented at test with five new scenes (foils). Importantly, the five targets and five foils are presented four times each, masked in five different degrees of completeness (100%, 35%, 21%, 12%, and 5%). The tendency of participants to mentally complete the images is gauged by their bias toward identifying the foils as targets. In this way, discrimination and completion are recognized as complementary processes, requiring a fine balance between establishing and dissociating new memories and reconstructing old ones. For example, models of aging propose that strengthening of the CA3 autoassociative function leads to the overexpression of old information at the expense of discriminating new information [32] . Behavioral evidence for a bias toward completion in older adults was recently demonstrated in age-related recognition differences between learned and new items [30] . Because of this discrimination/completion interplay, and because output from the dentate gyrus projects onto CA3 [5, 17] , we predicted that BL would show an inclination to recall scenes already learned when presented with incomplete new pictures.
BL's ability to correctly identify the targets, or learned items, was highly similar to controls', particularly at the 100%, 35%, and 21% levels of stimulus completeness. A dramatic difference in performance was seen, however, in BL's responses to the foils. Overall, he was able to identify only 28% of the foils as new, compared to 79% of foils identified by controls, representing a significant difference (t(18) = À2.92, p = 0.01). (It is notable that 30 healthy older adults tested in a separate study identified 55% of foils [30] .) Bias scores-calculated as the difference in accuracy scores for learned minus new stimuli for each participant and for each level of stimulus completeness-were also significantly greater for BL than for controls ( Figure 2) .
Indeed, when presented with a foil, BL was 2.5 times more likely to erroneously confuse the new image with a learned one. BL showed this bias (p < 0.05) at every level of stimulus completeness. The MIC also illuminates BL's deficit in discrimination; his 30% false alarm rate for new images that were unmasked (i.e., presented at 100% completeness) suggests a failure to pattern separate. Still, the difference between BL's bias scores of the degraded images (averaged across levels of completeness) and his score for the 100% presentation rate was significantly higher (p = 0.03) relative to this same difference in the 13 controls tested on both the MST and the MIC, indicating that his exaggerated pattern completion tendency was over and above his impaired pattern separation. The difference between the two tasks can be further examined by contrasting BL's average bias scores for the MST via the LDI with the average bias score for the degraded images of the MIC (relative to the same comparison in controls). The revised standardized difference test [33] revealed a significant difference between BL and controls on the two tasks (t(12) = 4.31, p = 0.001), indicating a differential deficit [33] (Figure 3) . Importantly, as would be expected with an apparent behavioral discrimination deficit and an overexpression of image completion, false alarm responses on the MIC were not random. BL's first false alarm choice exceeded all other false alarms by a wide margin (100%), emphasizing that, when he erred, he was predisposed to complete toward the learned stimulus that was most similar to the new image, perceptually and conceptually. For example, BL correctly identified the office (new image) as new the four times it was presented at 100% completion. Every time the office image was presented in a masked version, however, he made a false alarm, with 13 out of 16 (81%) of the false alarms completed to the studied image of the library (see Figure 2A for images of the library and the office).
Taken together, in an individual with selective lesions to the dentate gyrus (Figures 4 and S1 ), behavioral discrimination is specifically impaired. This deficiency is paired with a bias toward image completion, suggesting that what remains of the CA3 is functional and receives input from the entorhinal cortex (EC) via the perforant pathway [5] . If BL's lesion did render the CA3 dysfunctional, it might be taken to suggest that the CA3 does not play a critical role in discrimination of similar memories or in memory cue completion. Alternatively, other regions might compensate for possible CA3 dysfunction, such as an intact CA1 [20, 21] , which interacts with CA3 and extra-hippocampal cortices in reinstating complete memories from partial cues [5, 21] . Interestingly, the CA1 subfield of BL's hippocampus is slightly larger than average.
Meanwhile, BL's other recognition memory abilities-his capacity to correctly identify the MST/MIC targets as old and the Table S1 .
MST foils as new-are similar to controls. It can thus be concluded that BL displays a selective deficit in behavioral discrimination that coincides with hippocampal damage limited to the dentate gyrus. Until now, few cases with damage restricted to a specific subfield of the hippocampus have been documented in the literature, and in those cases, it is the CA1 that is compromised [35, 36] . Moreover, to our knowledge, pattern completion had not been tested in patients with hippocampal lesions.
The current results lend validity to cross-species studies and less-direct methods of investigating dentate gyrus contributions to pattern separation in humans, including computational models and high-resolution fMRI [18, 37] . In addition, the results are consistent with lesion and genetic studies in rodents, which point to the dentate gyrus as responsible for pattern separation and the CA3 subfield for pattern completion [7] [8] [9] [10] [11] [12] . This dissociation is predicted by computational models (e.g., [4] [5] [6] ), some of which provide a pattern completion/pattern association role for CA1 [5] or a pattern separation role for the CA3 [13] , though there is rodent evidence of sparse coding throughout the hippocampus beyond the dentate gyrus (e.g., [14, 15] ), and, conversely, a role for the dentate gyrus in pattern completion [16] . In healthy human participants, highresolution fMRI, which enables localization of activity to hippocampal subfields [17] , cannot pinpoint physiological changes or connections at a cellular level. The current lesion data might also inform the debate on process interplay and may be applied to the question of whether pattern separation and pattern completion are two sides of the same coin or opposite ends of a continuum [2, 30, 38, 39] . A key element of this debate-as with other topics in cognitive neuroscience-concerns the process purity of the behavioral paradigms used to assess these cognitive operations in humans (e.g., [38] ). In the current study, even though it is assumed that the MST and MIC approximate pattern separation and pattern completion, respectively, there are other neural computations, both upstream and downstream from the dentate gyrus, which can help differentiate new information from pre-existing memory traces [13] [14] [15] 40] . One key to our understanding of sparse coding and memory completion may lie in cross-species studies of hippocampal neurogenesis and the way in which adult-born dentate gyrus granule cells mediate pattern separation/pattern completion processes [16, 41, 42] .
What is clear is that BL presents with selective deficits in assigning less-overlapping, more-orthogonalized neural codes to similar items. This finding suggests that pattern separation and pattern completion processes influence each other but are dissociable as approximated by the MST and the MIC. We speculate that BL's dentate gyrus cannot process and project sparse information onto his CA3 or that his CA3, similar to that of rats exploring changed environments, can only decorrelate relatively substantial differences between inputs [14, 15] . The result is that details about past events exist, but they are more coarsely represented, so that when BL sees a fragment of any visual stimulus, he is more likely to confuse it with a previously experienced item than to recognize it as being new and worthy of its own unique episodic processing. At the same time, completion of learned items in memory is in overdrive.
The perceptual and memory systems of the human brain are complex and staged and often work in concert. By the time information is received by the EC from higher-order cortices or via visual processing routes, that information is already segmented to some extent and associated with unique neural representations (e.g., [40] ). But the fine tuning necessary to make a memory of a particular event distinct from one in the previous year, or the previous day, or 10 min ago occurs as this information travels from the EC to the dentate gyrus, where it becomes more sparsely distributed before it is projected onto the CA3 [5] and ready for pattern completion.
EXPERIMENTAL PROCEDURES Participants
The current case study focused on BL, a 54-year-old man with 13 years of education. In 1985, he was diagnosed with hypoxic-ischemic brain injury following an electrical injury and cardiac arrest [24] . Very recent high-resolution 3T MRI scans of his hippocampus revealed highly selective bilateral ischemic lesions that are limited to the dentate gyrus and a portion of CA3 (Figures 4 and  S1 ) [34] . Other regions implicated in pattern separation and pattern completion, including entorhinal and perirhinal cortices, appear to have been unaffected. Volumetric analysis of BL's hippocampus and surrounding medial temporal lobe (MTL) cortices indicated that his dentate gyrus is nearly 50% smaller (whereas CA1 is 8% larger) than in 119 age-matched controls [43] . Although current hippocampal segmentation protocols have difficulties distinguishing dentate gyrus from CA3 [17, 43, 44] , when considered together with the inverted T2-weighted images, it is clear that the majority of the volume loss sustained in BL is within his dentate gyrus (Figures 4 and S1 ) and did not affect entorhinal or perirhinal cortices.
BL's performance was compared to that of 20 healthy, right-handed control participants in experiment 1 (mean age = 52; mean education = 14 years; ten males) and 19 healthy, right-handed control participants (mean age = 51; mean education = 14 years; 13 males) in experiment 2. Thirteen controls were common to both experiments (mean age = 51; mean education = 14.5 years; nine males). Comparisons of hippocampal subfield volumes in BL with published data from 119 age-matched controls [43] based on a manual segmentation protocol was validated in three additional male participants (mean age = 53; mean education = 15.6 years) who underwent high-resolution structural MRI (described in the Supplemental Information). Separate whole-brain analysis was conducted in BL in comparison to eight additional participants (mean age = 51.3; mean education = 14.8 years; three males).
Controls had no history of psychiatric or neurological illness. They were recruited through the Baycrest Health Sciences participant pool and by word of mouth and were reimbursed $15/hr according to the suggested rate at Baycrest. Informed consent was obtained in accordance with the ethics review boards at York University and Baycrest and conforms to the standards of the Canadian Tri-Council Research Ethics guidelines.
Experiment 1: Materials and Methods
The goal of experiment 1 was to evaluate BL's behavioral discrimination abilities [26] relative to those of a control group on a task that approximates pattern separation. For evaluation of these abilities, BL and controls were tested on the MST [25] , formerly known as the behavioral pattern separation task (BPS-O) [26] . The MST assesses recognition memory performance using a paradigm similar to that used to test several other patients with hippocampal lesions [23] and conceptually similar to a visual recognition task used with rodents [7] . The MST was administered as a stand-alone application on a laptop running Windows 7. Participants were randomly assigned one of two MST stimulus sets (set ''C'' or ''D''). BL was tested twice (3 weeks apart between testing), once on each version, and with similar bias metric scores (3.0 and À2.13, respectively) in both sessions. Administration of the MST followed a published protocol [26] . The steps are as follows:
Study phase: during the study phase, participants viewed 128 color images of everyday objects (e.g., picnic basket and fishbowl), each for 2 s, followed by a 0.5 s inter-stimulus interval. For each image, participants judged via button press whether the object depicted was primarily an outdoor item or indoor item. Test phase: following the study phase, participants were administered a surprise recognition memory test. During this test, they were randomly presented with 192 images, each onscreen for 2 s, followed by a 0.5 s inter-stimulus interval. The images at test included 64 targets (i.e., studied objects), 64 unrelated foils, and 64 similar lures. Participants were asked to classify with a button press whether each image presented was old, new, or similar to the items presented at study.
Performance on the MST was evaluated through the LDI score [25] , which is thought to provide a sensitive measure of pattern separation [26] . This value was then averaged across participants, gauging the overall ability of the group to pattern separate, while at the same time correcting for potential response biases of participants when faced with unlearned items [26] .
Experiment 2: Materials and Methods
The goal of experiment 2 was to assess BL's pattern completion tendencies relative to a control group. For this, the recognition memory abilities of BL and controls were tested with a novel task [30] . It has recently been named the MIC task by the test designers [30] . The MIC was administered as a stand-alone MATLAB application on a laptop running Windows 7. This experiment followed the procedures for the MIC described in Vieweg et al. [30] , as follows:
Study phase: during the study phase, participants viewed images of each exemplar for 2 s. Every image was preceded by a title screen, which identified the exemplar by name (kitchen, bar, library, bedroom, and dining room). Each of the five studied scenes, together with five novel items, was then randomly presented for 2 s. After viewing each image, participants were asked to indicate whether the scene was studied or whether it was new and, if applicable, which scene it was specifically. After correct identification of each learned stimulus in three consecutive trials, participants could proceed to the test phase. Test phase: during this phase of the experiment, the five original exemplars (kitchen, bar, library, bedroom, and dining room) were randomly For the MIC, data are represented as mean bias scores for the degraded or masked images; ± SEM for controls. Significant differences between controls and BL are indicated with *p < 0.05, **p < 0.01, and ***p < 0.001. See also Table S2. presented, intermixed with five novel scene items. Both the studied and novel items were presented in complete (100% completeness) or masked (i.e., degraded) form (35%, 21%, 12%, or 5% completeness), resulting in 50 test items. Each item was presented four times (resulting in 100 old and 100 new images) for 2 s. Two forced choice tasks-stimulus identification and confidence rating-followed presentation of studied and novel items. Responses were self-paced and included these following choices for each trial: bar, library, dining room, bedroom, kitchen, and none of these (the latter indicating that the stimulus is new).
Performance on the MIC was evaluated through MIC bias scores, calculated as the difference in accuracy scores for learned minus new stimuli for each participant and for each level of stimulus completeness. Higher bias scores, therefore, are indicative of relative weakness in identifying new stimuli and point to an elevated tendency toward pattern completion. The MIC result for the degraded images (Figure 3 ) illustrates BL's significantly higher bias score (p < 0.001) when compared to the 13 controls tested on both the MST and the MIC.
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